In this paper, we report the near-field and far-field properties of AgO x -type super-resolution near-field structure with embedded silver nanoparticles of different sizes using two-dimensional finite-difference timedomain calculations. Highly localized enhancements were found near the surface of nanoparticles, and the near-field enhancements increased with the size of nano particles. The far-field difference signals of silver nano scatters confirm the super-resolution capability, and the difference signals were stronger for larger nanoparticles. The behaviors of far-field signals indicate the correlation between the enhanced localized surface plasmons and the super-resolution capabilities.
Introduction
Optical microscopy is a powerful tool, but its spatial resolution is restricted by diffraction limit. In 1928, Synge proposed using a small aperture in an opaque sheet for optical measurement [1] , and his idea was realized by Ash and coworkers in the microwave regime [2] . With the invention of scanning near-field optical microscopy (SNOM), higher spatial resolution had been achieved by using visible light [3] . SNOM have become a powerful tool for optical measurement [4, 5] , nanolithography [6] , and optical data storage [7] .
The spatial resolution of SNOM is affected by the size of the aperture on probe. On the other hand, for the near-field optical techniques with apertureless probe [8] [9] [10] [11] , the probes of apertureless SNOM are used as scattering centers and the signals are collected in the far field. Recently, the localized surface plasmon excitation was extensively studied in apertureless SNOM [11] [12] [13] . The apertureless probe is used as a highly localized excitation source by the excitation of localized surface plasmon. Although the near-field optical probes can achieve high resolution, the scanning rate of near-field optical techniques remains slow and distance between probe and surface is still hard to control in actual measurements and in optical data storage devices.
In 1998, a multilayer structure was demonstrated to overcome the diffraction limits and the structure was named as super-resolution near-field structure (super-RENS) [14] . In previous studies, we found that the superresolution capacity of the AgO x -type super-RENS disk is related to the localized surface plasmon of silver clusters dissociated from the AgO x layer and the complicated interactions between the nonlinear near-field optical enhancements and the subwavelength recording marks [15] [16] [17] [18] [19] [20] . Metallic nanoparticles of subwavelength size exhibit numerous optical resonant phenomena relate to geometry-dependent surface plasmon resonances. These plasmon resonances are the interaction between incident electromagnetic waves and induced charges in metallic particles, and the enhanced electric fields induced by plasmon resonance are confined with in a few nanometers near the surface of nanoparticles. The surface plasmon resonant behaviors are significantly affected by the size of metallic nanoparticles.
In this report, we used the two-dimensional finite-difference time-domain (FDTD) method to study the near-field properties of the AgO x -type super-RENS disks with different sizes of silver nanoparticles embedded in the AgO x layer. Localized enhancements were found around the edges of silver nano disks in the near fields, and the enhanced fields highly increase with the size of nano scatters. The far-field signals confirmed the superresolution capability of the AgO x -type Super-RENS and the far-field signals increased with the enhancements induced by nanoparticles in the near field. The behaviors of far-field signals indicated the correlation between the enhanced localized surface plasmons and the super-resolution capabilities of AgO x -type super-RENS.
Model of Simulation
The numerical method used in the simulation method is a two-dimensional FDTD with periodic boundary condition and perfect matched layer. The calculated structure of super-RENS is cover glass /ZnS-SiO 2 (20 nm) /AgO x (15 nm) /ZnS-SiO 2 (20 nm) /GeSbTe (16 nm), as shown in Figure 1 . The incident light is Gaussian distributed, and the numerical aperture is 0.85. The refraction of index of ZnS-SiO 2 , AgO x layer is 2.25+0.01i and 2.68+0.1385i, respectively. The refractive index of silver nano scatter embedded in AgOx layer is 0.046+4.44i, and the dispersive behavior of silver is calculated by Lorentz model [21] . Recording marks are created by the laser beam focused on the phase changed recording medium Ge2Sb2Te5 (GST), and the refractive indices of amorphous GST and crystalline recording mark are 3.9495 + 3.1328i and 3.855 + 4.80i, respectively. The marks spread periodically in a 4800 nm regime, while the period of marks is double of the mark length. In order to correlate the calculated results with experimental CNR, we computed the far-field intensity differences between the on-mark and the off-mark cases of the super-RENS shown in the Figure 1 for different mark sizes. The on-mark situation means that the incident light focuses on the recording mark, and off-mark situation means that the incident light focuses between two marks. The mark length is tuned from 20 nm to 400 nm, and the thickness of mark is 16 nm. Two different types of nano scatters as shown in Figure 2 were used in our simulations. For the case with circular scatter shown in Figure 1(a) , the width of particles was set to be 3 nm, 5 nm, 7 nm, and 11 nm. For the case with rectangular nano scatter, the thickness of silver nano disk is 15 nm and the width is set to be 7 nm, 15 nm, 25 nm, respectively. In order to investigate the far-field optical properties for various situations, a near-to-far transformation was used in simulation [22] .
Results and Discussion
The near-field intensity distributions of the cases with circular nano scatters are shown in Figure 2 . The diameter of the circular nano scatter is 3 nm, 5 nm, 7 nm and 11 nm. The enhanced fields induced by nano scatters were similar to the dipole radiation. Results show no obvious enhancement at the center of the scatter with 3 nm diameter, but highly enhanced fields were caused in the center of nano scatter with 11 nm diameter. The largest enhancements were induced in the case of 11 nm diameter. When the size of nano disk became larger, the localized enhancement increased significantly. For the cases with rectangular nano scatter shown in Figure 3 , the thickness of nano scatters were 15 nm and the width of the nano scatters were 7 nm, 15 nm, and 25 nm, respectively. The localized enhancements were induced around the edges of silver nano disks. The strongest enhancements were induced at the corners of the rectangular cross-section, especially two corners of the front edge where light directly illuminated. In the circular nano scatter case of 11 nm diameter, the area of silver is close to the case of rectangular nano scatter with 7 nm width, but the peak intensity of the circular nano scatter case was forty times stronger than that of rectangular nano scatter case. Similar to cases with circular nano scatters, the highly localized enhanced fields increased with the size of nano scatter, and the largest enhancements were caused in the case of 25 nm width. Figure 4 displays the far-field intensity differences between on-mark and off-mark situations for the cases with rectangular and circular nano scatters. Each curve is normalized against the case without marks. The case of no silver nanoparticle existence is computed for comparison, and its far-field signals dropped around 200 nm of the mark size because of the diffraction limit. The far-field intensity differences decreased with mark size, and there is a peak appeared at the mark length of 100 nm in each curve of Figure 4 . For cases of circular nano scatter, the peaks of difference signals increased with the size of nano scatter because the near-field enhancements were stronger for larger nano scatter. The curves of the cases with rectangular nano scatter were similar to the circular nano scatter cases, and the highest difference signals were occurred in the cases with 25 nm width. When mark size was smaller than 60 nm, the difference signal of rectangular nano scatter case with 15 nm width was higher than other cases. The reason is that scatters with larger size may have worse resolution and the localized enhancement is too weak for the nano disk case of 7 nm diameter, which reduced the far-field signals significantly.
Conclusion
In this paper, near-field and far-field optical properties of the AgO x -type super-RENS resulted from the complicated interactions between the nano recording marks and different configurations of silver nano scatter are studied by FDTD calculations. Results showed that the enhancements were stronger for larger nano scatters, and the enhanced fields induced by localized surface plasmon were geometry-dependent. The far-field intensity differences signals were distinguishable with recording mark size smaller than the diffraction limit. For the situations of mark size larger than nano scatters, the far-field difference signals were stronger for larger nano scatters because the near-field enhancements increased with the size of nano scatters. The behaviors of farfield signals indicate the correlation between the enhanced localized surface plasmons and the super-resolution capabilities of AgO x -type super-RENS.
